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n June 2013, the White House identified the development of broadband wireless networks as crucial for economic growth, specifically identifying innovations in spectrum sharing as being the key to relieving an expected spectrum crunch caused by the rapidly increasing number of Internet-connected devices, currently estimated at over 500 million.
One way of achieving dynamic spectrum sharing is through reconfigurable radio transceivers, which are capable of dynamically changing key radio parameters such as signal carrier frequency, modulation format, and bandwidth. This capability enables the transceiver to adapt to environmental and communication channel changes on the fly, according to programmed protocols and priorities. One transceiver subsystem in which reconfigurability can be implemented is the radio frequency (RF) front end, which is responsible for reception and transmission of the wireless signal. The RF front end typically includes an antenna to convert electromagnetic waves into alternating currents and vice versa, a filter to isolate the communication band of interest, an amplifier to boost the filtered signal to detectable levels, and impedance-matching networks at the amplifier input and output to optimize its performance for gain, power, or noise.
The idea of reconfigurability is certainly not a new one and has been implemented in various ways. A common technique is to use variable reactive components such as PIN diodes and varactors, which are attractive for their small size, low cost, and low power consumption. However, these components introduce losses and nonlinear distortion. Microelectromechanical system (MEMS) switches have been developed to be an effective alternative with very low losses and high linearity but have the disadvantage of requiring high actuation voltages and suffer from reliability issues.
liquid metal
An alternative, radical paradigm shift from these techniques is to use liquid metal as a tuning mechanism to create dynamic circuit elements with conformable shape and size. It could then be possible to create reconfigurable circuits reminiscent of the shape-shifting cyborg from the movie Terminator 2. The most commonly known liquid metal at room temperature is mercury, but its most serious drawback is its high toxicity. An attractive alternative is a nontoxic liquid metal with the trade name of Galinstan (Fig. 1) , a eutectic alloy consisting of approximately 68.5% gallium, 21.5% indium, and 10% tin. Galinstan has an electrical conductivity of 2.3 # 10 6 S/m and retains its liquid state from -19 to 1,300 cC. The properties of Galinstan compare favorably to copper, which has an electrical conductivity of 5.8 # 10 7 S/m and melts at 1085 cC.
To demonstrate the flexibility and effectiveness of Galinstan as a reconfiguration mechanism, we first describe three reconfigurable liquidmetal components actuated with mechanical pumping: a monopole antenna, a double-stub tuner, and a filter. Next, we introduce an electrical actuation technique called continuous electrowetting, demonstrating its use in a frequency-tunable slot antenna. All of these components are steps toward realizing a reconfigurable liquid-metal RF front end.
liquid-metal monopole antenna
A conventional monopole antenna consists of a /4 m -long wire radiator perpendicular to a ground plane. To create a frequency-reconfigurable monopole, a syringe was used to pump liquid metal in a plastic tube, shortening or lengthening the radiator to increase or decrease the operating frequency, respectively.
Using this pressure-actuation method, a monopole antenna was designed and tested to operate from 2.0 to 9.5 GHz as discussed in Morishita, 2013. The measured radiation patterns demonstrated an average antenna gain of approximately 5.2 dBi, in good agreement with an ideal wire monopole.
The versatility of the monopole was extended with the addition of liquid-metal parasitic elements to create a Yagi-Uda monopole array, which consists of a single-fed monopole element along with a slightly longer reflector element and at least one slightly shorter director element. The reflector and director elements are used to steer the radiation pattern in the direction of the director element. Increasing the number of directors increases the gain of the antenna array. In the designed liquid-metal monopole array, shown in Fig. 2 , up to five elements can be used at any moment. There is a single-fed liquid-metal element in the center and six parasitic liquidmetal elements.
To measure the performance of the monopole array, radiation patterns are taken in an anechoic chamber. By transmitting from an antenna with a known gain and receiving from the antenna under test (AUT), or vice versa, the gain of the AUT can be calculated from the Friis transmission equation
where Pr is the received power, Pt is the transmitted power, Gr is the receiving antenna gain, Gt is the transmitting antenna gain, m is the wavelength, and R is the distance between the two antennas. This process is repeated through a sweep of angles along the E-plane of the AUT to produce the radiation patterns shown in Fig. 3 . By varying the number of director elements the gain can be tuned and by changing the relative lengths Fig2 A liquid-metal reconfigurable YagiUda monopole array with seven adjustable elements, five or fewer of which are active at any one time. 
Liquid metal has the advantageous ability to stretch, deform, and transform without hysteresis and avoids the nonlinearity of semiconductor components, making it a promising tuning element for RF front ends.
of the reflector and director, their roles can be swapped, thereby steering the beam from Fig. 3 (a) to Fig. 3(b) . Finally, by adjusting the overall lengths of the array elements, the frequency can be reconfigured. Figure 4 shows the similarity between the radiation patterns of the liquid-metal array to that of a conventional copper-wire array both designed for 2.4 GHz. The increase in gain from three elements to five elements for both arrays is approximately 1.3 dB. However, the gain of the copper version is 2.5-3 dB more at each state, which was experimentally found to be due to losses from the tubing, syringe tip, and carrier fluid.
liquid-metal double-stub tuner
When an amplifier is placed in an RF front end, it must be impedancematched to the components at its input and output. An impedance transformer is often used for this purpose, and one of the most common configurations is a double-stub tuner, which consists of parallel open-or short-circuited stubs separated by a length of transmission line. The length of each stub introduces reactance to the circuit, and together they form an impedance transformer that can be used to match an arbitrary load to a source. The spacing between the stubs determines the range of impedances that can be matched and is typically chosen to be /8 m to maximize the tuning range.
A microstrip transmission line consists of a solid metal trace on a substrate backed with a metal ground plane. Reconfigurable stubs can be implemented using switches, but the number of tuning states possible depends on the number of switches. Instead, an analog coverage of impedances can be achieved by replacing the conventional solidmetal stubs with liquid metal as demonstrated in Lei, 2012 . Channels were fabricated with polyimide tape and polystyrene as a frame for the liquid metal to be injected into as shown in Fig. 5 .
The liquid metal then acts as open-circuited stubs, which the user can shorten or lengthen to tune the impedance. To measure the impedance, the device is connected to a network analyzer. A network analyzer measures scattering or S -parameters of the device under test (DUT). S -parameters characterize the output-toinput voltage ratios, in both magnitude and phase, at the DUT's ports.
The input impedance of the double-stub tuner can be found by Fig4 E-plane radiation patterns at 2.4 GHz for a three-(red), four-(blue), and five-(black) element liquid-metal (solid) and copper-wire (dashed) Yagi-Uda array. 
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July/August 2015 n 27 plotting the measured S11 on a Smith chart. The S11 represents the signal reflected at port one, and a Smith chart is a graphical aid that depicts a normalized impedance plane. Figure 6 shows measured and simulated impedances on a Smith chart normalized to 50 X and represents a sample of the impedances that can be achieved. The simulated results are from SONNET, a full-wave threedimensional electromagnetic field simulator. The measured and simulated results match well to each other and show that a wide coverage of impedances can be achieved, similar to other double-stub tuners.
liquid-metal defected ground structure filter
In multiband systems, typically a bank of filters is used to isolate the desired communication channel of interest. Reconfigurable filters can reduce the number of filters needed. A reconfigurable liquid-metal lowpass filter in the form of a defected ground structure (DGS) was demonstrated in Guo, 2012. A DGS consists of patterned voids etched out of the ground plane of a microstrip line. Depending on the shape, periodicity, and size of the voids, the frequency response, passband ripple, and stopband rejection can be changed. The layout consists of exponentially scaled dumbbellshaped voids as shown in Fig. 7 , which was designed to produce a wide stopband and low ripple. Enclosures similar to the ones discussed in the previous section were fabricated over these DGS elements to encase the liquid metal.
S21 measurements were taken on a network analyzer to measure the frequency response of the low-pass filter, which can be tuned by shorting the DGS elements as a result of filling the channels with liquid metal as shown in Fig. 8 . The 3-dB cutoff frequency can be tuned from 1.9 to 3.0 GHz.
Electrical actuation of liquid metal
Although mechanical pumps are effective at moving liquids, they are not easily integrated into electronic circuits. An alternative mechanism, called continuous electrowetting (CEW), moves liquids by electrically manipulating their surface tension, which is the result of the inherent cohesive forces between liquid molecules. This cohesive force pulls the liquid molecules together and minimizes the surface energy of the liquid.
When liquid metal is immersed in an electrolytic solution, an electrical charge called an electrical double layer (EDL) builds up at the liquid-liquid interface. The surface tension of the An alternative mechanism, called continuous electrowetting (CEW), moves liquids by electrically manipulating their surface tension, which is the result of the inherent cohesive forces between liquid molecules.
liquid metal is directly related to the potential across the EDL. By applying an electrical bias across the solution, the EDL potential becomes asymmetric, which in turn causes the surface tension to vary along the length of the liquid metal. This surface tension gradient causes the liquid metal to "wet" in a desired direction, as shown in Fig. 9 . The electrolytic solution, a strong acid or base, serves three purposes.
The first is to reduce the oxide layer that develops on Galinstan when it is exposed to oxygen at concentrations as low as 1 ppm. This oxidized layer is highly wetting and will adhere to many types of materials, impeding motion. Second, the solution acts as a medium for applying the electric potential to establish the surfacetension gradient. Finally, the solution creates a low-friction environment, enabling relatively low actuation voltages of a few volts and power consumption typically less than 5 mW.
liquid-metal slot antenna
To show how the surface tension of liquid metal can be used as both an actuation mechanism and a means of positioning control, a slot antenna with reconfigurable liquid-metal tuning elements was recently demonstrated in Gough, 2014 . Slot antennas are a popular choice for satellite and aircraft communication applications, both for the simplicity with which they can be fabricated as well as their low profile. In a conventional slot antenna, energy is coupled into a narrow aperture in an electrically large ground plane, typically from a microstrip feed line on the opposite side of the ground plane. When the frequency of the driving signal is such that the aperture length is half the guided wavelength, a standing wave is formed in the aperture and the antenna radiates. Thus, varying the length of the aperture can alter the operating frequency of the antenna.
To use liquid metal as a tuning mechanism in this slot antenna, it is important to be able to control its position within a fluidic channel with a high degree of accuracy. However, controlling the position of a liquidmetal slug within a fluidic channel can be difficult. The low-friction environment inside the channel makes it very easy for the slug to be inadvertently displaced from its intended resting position. In addition, the relatively high density of liquid metal means that even small quantities can contain sufficient mass for post-actuation inertia to become a
Fig8
The measured frequency response from states 1-4 as shown on the right. One big advantage in using CEW actuation as opposed to conventional hydraulic pumping is the increase in power efficiency.
problem, allowing the liquid metal to glide like an ice skater on a rink even after the actuation signal has been removed. An effective method for combating this problem is to take advantage of the high surface tension of the liquid metal. Instead of a channel with a uniform cross-section, the channel shown in Fig. 10 comprises interlocking circular chambers. Each of these chambers provides the liquid metal with an opportunity to reduce its surface energy by minimizing its surface area.
In the antenna described here, two liquid-metal tuning elements are immersed in a 1% NaOH carrier fluid and confined in polyimide fluidic channels on either end of the radiating aperture, as shown in Fig. 10 . The channels comprise interlocking circular chambers, and each channel extends approximately 15% over the aperture. By applying a 4-Vdc signal across each channel, the liquid-metal element is actuated via CEW and can be moved from one series of interlocking chambers to the next. The liquid metal effectively shortens the length of the aperture, and so its position alters the radiating frequency of the antenna. The circular chambers lock the liquid metal into one of seven discrete positions after the actuation signal is removed, making the performance of the antenna highly repeatable as the liquid metal is moved back and forth.
The antenna is fed through a microstrip line, which couples to the aperture on the opposite side of the substrate. The antenna is connected to a network analyzer to measure its S11 as a function of aperture coverage by the liquid metal. The antenna is typically considered an effective radiator if more than 90% of the power is delivered to the antenna, i.e., when its measured S11 is less than -10 dB. Figure 11 plots the resonant frequency of the antenna as a function of aperture coverage by liquid metal, and demonstrates a tunable bandwidth of 19% for which the S11 is less than -10 dB. The actuation can be immediately reversed by reversing the polarity of the actuation signal, and the NaOH solution prevents the formation of an oxide layer that can otherwise wet to the walls of the channel and inhibit motion. The gain of the antenna is approximately 2 dBi in the unactuated state to 4 dBi with full actuation. A baseline copper-only version resulted in a gain of approximately 5-6 dBi.
One big advantage in using CEW actuation as opposed to conventional hydraulic pumping is the increase in power efficiency. The power requirements of CEW actuation for this antenna are on the order of 1 mW at 4 Vdc, whereas micropumps can require up to 250 Vdc and 200 mW of power. That said, there are other tradeoffs to keep in mind, most notably the decrease in radiation efficiency introduced by the lossy NaOH electrolyte. Effective CEW-based designs should make an effort to mitigate the impact of the electrolyte on the device's RF properties.
Fig11 S11 results as the aperture of the slot antenna is shortened. One way of achieving dynamic spectrum sharing is through reconfigurable radio transceivers, which are capable of dynamically changing key radio parameters such as signal carrier frequency, modulation format, and bandwidth.
Conclusion
Liquid metal has the advantageous ability to stretch, deform, and transform without hysteresis and avoids the nonlinearity of semiconductor components, making it a promising tuning element for RF front ends. Many reconfigurable components have been developed with the use of liquid metal, such as the components summarized in 
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